In this paper an optimization model is presented for the synthesis of a heat exchanger network (HEN) for multi-period operations. A literature very well-known stagewise superstructure is used, but isothermal mixing assumption is not made and a timesharing procedure is adopted. A MINLP problem is solved separately for each period of operation. The final multi-period HEN is synthesized automatically considering the greatest areas and not fixing matches in each device in different periods, which avoids excessive heat exchange areas. Heat exchangers are designed to be feasible in practice, with a minimum acceptable area. Three literature problems were used to test the applicability of the proposed model. The objective function aims to minimize the total annualized cost (TAC). During the implementation of the model, inconsistencies found in the literature were corrected. Results indicate that lower TACs were obtained in the present paper and each heat transfer device is feasible in practice.
Introduction
Heat exchangers are used in industrial processes in order to provide cooling and heating of process streams. The set of heat exchangers can be arranged into a network, called a heat exchanger network (HEN). Besides process streams, cold and hot utilities such as cooling water and steam can participate in the streams that exchange energy, in order to meet energy loads.
In addition to incurring costs, the consumption of utilities can also generate effluents that require treatment. Excessive use of hot and cold utilities should therefore be avoided in order to alleviate operating and environmental costs. A manner of achieving this is to recover energy from the process itself, using heat exchangers.
Nevertheless, a greater number of heat exchangers means increased capital costs. In order to minimize the total annualized cost (TAC), a tradeoff between energy consumption and capital costs needs to be found, and the task of choosing which process streams should be combined to meet the specified goal is not trivial. Many problem formulations addressing this issue have been described in the literature.
Among the methods used for HEN synthesis, pinch analysis, which uses thermodynamic concepts and heuristic rules, is probably the most popular.
Mathematical programming techniques are also often used, and are generally posed as mixed integer nonlinear programming (MINLP) problems, which are solved simultaneously. Alternatively, the problem can be subdivided into independent subproblems, which are sequentially solved so that the solution of a preceding problem serves as an input for the next one. This procedure is used to solve linear programming (LP), mixed integer linear programming (MILP), and nonlinear programming (NLP) 3 problems. Such decomposition is advisable when the MINLP problem exhibits high levels of nonconvexities and nonlinear features. Computational difficulties are generally not large. Nevertheless, when the problem is not convex, the solution can become trapped in local optima. In turn, a simultaneous method enables a HEN to be obtained in a direct way, without problem decomposition, simultaneously optimizing all the variables present in the model. The weakness of possibly becoming stuck in local optima still remains, however, depending on the degree of nonlinearity and nonconvexity. Nonetheless, the results are generally better than those obtained by the sequential methods, because all the variables are optimized at the same time. This can be due to the fact that a non-optimal solution found in a step of the sequential procedure will be used as the input in the following step, so the global optimum will not be found. Alternatively, optimization methods based on natural algorithms, such as particle swarm optimization and genetic algorithms can also be used to solve the MINLP problem. These algorithms can avoid becoming trapped in local optima and can achieve near-optimum values. However, there is no effective proof of convergence to a global optimum. Finally, it is also possible to combine two or more of these methods, giving rise to hybrid techniques.
Synthesis of HENs using mathematical programming, instead of pinch analysis, makes it possible to take safety and controllability criteria into consideration, as well as designer preferences, because there is no use of heuristics. Furthermore, HENs can be formulated in a systematic manner, with inclusion of different types of hot and cold utilities and the addition of new constraints. Examples of the latter are the prohibition of heat exchange between two streams for reasons of safety or distance (which might require additional piping and auxiliary valves), or limits on the size (area) of the heat exchangers.
Chemical processes, however, may be multi-period, due to changes in operating conditions or in product recipes, which implies changes in supply or target 4 temperatures, heat capacities, or flow rates. The HEN must be robust in order to be able to adapt to multi-period operations, and the synthesis of such a HEN is not a simple task.
The present paper uses the procedure proposed by Jiang and Chang 1 for the synthesis of heat exchanger networks for multiple periods of operation. The problem has MINLP formulation, and the main objective is to minimize the total annualized cost (TAC). It is worth mentioning that the TAC is actually an expected value, since the HEN is to be used in multiple periods. In the procedure, a HEN is synthesized separately for each period, and an automatic algorithm procedure is used to generate the multi-period HEN, considering the greatest areas and not establishing matches in each heat exchanger in different periods, i.e., the stream matches are not necessarily the same in each heat exchanger in the different periods. This procedure avoids excessive heat exchange areas in each period. In the present study, during the stages temperature calculation, mixing is not restricted to streams of same temperature (isothermal mixing). To avoid results mathematically correct but infeasible to be designed and built in practice, heat exchangers are constrained to exhibit an area at least of 1.0 m 2 . The developed optimization model corrects inconsistencies in the Jiang and Chang 1 model, as will be discussed in the case studies section.
Literature review
In the published studies, HEN synthesis is usually treated as an optimization problem for the minimization of TAC, and is solved by mathematical programming.
However, the pioneering works on multi-period HENs were based on pinch analysis. In the work of El-Temtamy and Gabr
28
, LP and MILP models were presented for the identification of flexible HEN configurations with the minimum amount of equipment.
The HEN remained flexible to ensure that energy demands in each period of operation were minimized.
Escobar and co-workers 29 proposed a procedure for the synthesis of a flexible and controllable HEN, based on a decomposition strategy with two steps. The design variables were selected in the first step, and in the second step the control variables were adjusted according to uncertainty parameters. This resulted in a HEN design in which the same control system could be used under different operating conditions, and ensured that the streams achieved the desired temperatures with optimal heat integration.
Jiang and Chang 1 presented a procedure for the synthesis of flexible multiperiod HEN that used timesharing mechanisms. The main objective of the model was trade-off between investment and operating costs. The results showed that it was possible to obtain designs with improved economic performance in terms of the TAC.
Li and co-workers 37 presented a sequential two-step approach for the synthesis of flexible HENs, which included nonconvex problems. In the first step, the HEN structure was synthesized, and the area was optimized in the second step. The direction matrix method was used to provide flexibility and ensure that the HEN satisfied critical operational criteria.
Model development
The present paper proposes an optimization model able to obtain a feasible HEN for each period of operation with its associated utilities demand and capital costs.
The main objective is to reduce capital costs and to maintain the hot and cold utilities demands at minimum levels, so changes both in process streams parameters and in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 As simplifying hypothesis, it is assumed that the enthalpy of the process streams depends linearly on the temperature, and that the dynamic effects of disturbances in the inlet and outlet temperatures and the flow rates, from one period to another, can be neglected.
The input data (parameters) that must be known are as follows: hot stream inlet and outlet temperatures; cold stream inlet and outlet temperatures; hot utility inlet and outlet temperatures; cold utility inlet and outlet temperatures; hot and cold stream heat capacities; hot and cold utility costs; hot and cold streams and utilities convective heat transfer coefficients or global heat transfer coefficients; capital cost equation coefficients; annual conversion factor; and heat exchanger minimum approach temperature. The present paper does not assume a fixed value for the minimum temperature difference in each end of heat exchangers, which is treated as one of the optimization variables.
The model uses the approach proposed by Chen 38 to calculate the logarithmic mean temperature difference (LMTD). All indexes and parameters, as well as real and integer variables of the model are presented in the Nomenclature section.
If the convective heat transfer coefficients for individual streams (hh i , hc j , hs m , hw n ) are available, instead of the global heat transfer coefficients (Co i,j , Cos m,j , Cow i,n ,), the latter is calculated with Eq. 1 -3
The objective function to be minimized is the TAC (Eq. 4), where r is the annualizing factor; a is the cost coefficient used to evaluate the fixed capital costs of a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The model can be described as:
Subject to:
Energy balance for each stream:
Energy balance for each stage of the superstructure:
Energy balance for each heat exchanger:
Summation of stream fractions due to stream splitting:
Mixer energy balance:
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Temperature feasibility:
Utility demands:
Logical constraints:
Area constraints:
Hot/cold end heat exchanger/heater/cooler temperature difference:
Temperature difference bounds:
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Areas calculation:
Bounds for variables to be physically feasible: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 temperature differences in hot or cold ends of heat exchangers, heaters and coolers, they must be strictly equal to the right hand sides of those equations. If a lower value than the right hand sides is allowed for any of these explicit variables, as done in the model of Jiang and Chang 1 , when the heat transfer device exists (binary variable is equal to one), logarithmic mean temperature difference may be lower than it really is for that specific heat transfer device and, so, areas may be greater than required. If the heat transfer device does not exist (binary variable is equal to zero), the value for the explicit variables in these equations does not matter, because the logical constraints lead the corresponding heat duty to be equal to zero and, consequently, corresponding area is zero (by Eqs. 38-40).
The multi-period HEN is obtained after finding the solution to each of the MINLP problems (i.e., each problem defined in each period). These networks must be integrated, which is achieved using an algorithmic procedure (Jiang and Chang 1 ) in order to avoid doing this task by hand. This procedure consists of the following steps: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is possible that in one period the match is between one pair of streams, while in another period, a different pair of streams is matched in that piece of equipment. Since the procedure allows heat exchange between different process streams in different periods, a cleaning time must be allowed between different periods in order to avoid contamination inside the heat exchanger. Besides that, the different process streams may require different materials of construction and, therefore, heat exchangers must be constructed with a material able to deal with the different process streams. In addition, a set of bypasses must be designed to deal with variations in stream flow rates from one period to another, and to allocate the correct matching of streams in a certain period to each piece of equipment. This information is not included in the objective function and can increase the capital cost, due to the use of more valves and piping than if no change of stream pairs was allowed. However, the automatic procedure increases the search space for a HEN with minimum TAC, because it does not constrain the search to fixed matches in the different heat exchangers. Moreover, the procedure avoids excessive heat exchange areas in each period, since in each case the allocation of matches to each piece of equipment is based on decreasing the demanded areas.
Case studies
Three examples from the literature are used to test the performance of the developed model and the automatic procedure for synthesizing a multi-period HEN.
Example 1
This problem, proposed by Jiang and Chang 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The results for each period of operation are summarized in Table S1 of the Supporting only one fixed pair of streams could be assigned, i.e., if timesharing procedure was not used, the total area would be 514.3 m 2 and 7 devices would be necessary. Table S2 of the Supporting Information presents the areas for each of the heat transfer devices. It may be obvious to the reader, but it is worth drawing attention to the fact that, during operation of each period, since greater heat transfer areas were assigned to some stream matches, stream bypasses should be properly implemented in order to meet the designed stage temperatures and the desired streams target temperatures. The calculation of the necessary bypasses is straightforward and is here illustrated for heat exchanger (1,1,1). The solution for Period 1 determines that both streams should not be split and a heat exchange area of 66.0 m 2 is necessary ( Figure S4 ). However, due . Table S3 indicates that heat exchanger (1,1,1) is bypassed both by hot and cold streams. Table   S3 . This result presents the same inconsistency error as discussed above. 30 . There are two hot and two cold streams, one hot and one cold utility, and the HEN must operate in three equal periods. Inlet and outlet temperatures, as well as flow rates, can differ from one period to another. Table 4 shows the input data for the example. Global heat transfer coefficients and cost data are presented in Table 5 .
An MINLP problem was solved for each period of operation using GAMS 24.7.1 with DICOPT, requiring less than 1 second in all cases. The model had 108 equations and 101 variables (including 12 binary variables). Figure 2 presents the HENs for each period. Table 6 shows the configurations of each HEN. Again, the algorithmic procedure to integrate the HENs obtained in the 3 periods was used. Table S4 presents the area for each piece of equipment. The annual factor (r) used was 0.2/year, with 8600 hours in three periods of operation in one year and EMAT is 10 °C.
The final multi-period HEN had 6 heat transfer units with total area of 150.1 m 2 . No area overdesign is present for Period 1, but Periods 2 and 3 are overdesigned, respectively, in 59% and 35%. If the timesharing procedure was not used, the total area would be 248.9 m 2 and 8 devices would be necessary. 30 (calculated based on the HEN structure presented in Fig. 3 of their paper) were extremely large, while the corresponding capital cost was the lowest among all the previously reported values. This is not surprising, given that the HEN presented by Isafiade and co-workers 30 did not exhibit any heat integration (in other words, there was no heat exchange between process streams). Only heaters and coolers were used, so capital costs were low, as expected, while utility costs were large. Another point concerning the work of Isafiade and co-workers 30 is that the TAC values were incorrectly presented in $/h, instead of $/year (TAC stands for total annualized cost). This could mean that in their calculation, the capital cost was added (without transforming it to $/h) to the utility costs on an hourly basis, which would explain the value of 125,371 $/h presented in their work.
Example 3
This problem was adapted from Floudas and Grossmann 10 and was used by By applying the systematic procedure, the HENs obtained for nominal conditions and for each period were as presented in Figure 3 and in 
Conclusions
The present work proposes an optimization procedure to minimize the total Another important difference between the models is that in the current paper constraints on calculated areas are considered, in order to avoid devices with tiny areas, which would be not feasible in practice. Furthermore, temperature difference in each end of heat transfer devices are calculated with equations, which differ from relaxations previously present in the literature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 
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Apendix -Variables initialization procedure
Due to the nonlinearitires present in the model, an initialization procedure for the variables is presented.
For the area upper limits, known values from the literature may be used as initial estimate, if they exist. For example, if the problem has a known solution, the greatest heat exchanger area in the HEN can be used as the upper bound.
The variables rh and rc are the by-pass fractions and it can vary from 0 to 1.
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